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Methylammonium lead triiodide perovskite (MAPbI3) semiconductor displays 
outstanding photovoltaic and light emitting properties. We address the unique behavior 
in which a bias voltage can be used to switch on and off the luminescence of a planar 
film with lateral symmetric electrodes. Instead of a homogeneous suppression of 
emission, as in other organic semiconductor films, in MAPbI3 films a dark region 
advances from the positive electrode at a slow velocity of order of 1µm s-1. Here we 
explain the existence of the sharp front in terms of the drift of ionic vacancies that 
drastically reduce the radiative recombination rate in the film. Based on a dynamic 
transport model we show that the square reciprocal of the electrical current is linear with 
time in agreement with the experimental observations. This insight leads to a direct 
determination of the diffusion coefficient of iodine vacancies -129 scm106 −×=
IV
D  and 
provides detailed information and control on the effect of ionic conduction over the 
electrooptical properties of hybrid perovskite materials. 
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The advent of hybrid perovskite solar cells has given rise to extraordinary 
photovoltaic performances, causing the rise of a new solar energy conversion 
technology. However, the new physical characteristics of these materials are not yet 
completely understood, and many significant experimental observations have not been 
satisfactorily explained so far. Slow time scale variations of photoluminescence (PL) 
phenomena have been widely reported since an early stage in the research of perovskite 
photovoltaics and optoelectronic.1,2 Sanchez et al. 3 observed either increasing or 
decreasing PL intensity according to the preparation method of the methylammonium 
lead triiodide (MAPbI3) layer. Hoke et al. 4 interpreted the observation of light-induced 
transformations of PL in mixed MAPb(BrxI1-x)3 in terms of photoinduced phase 
segregation. Subsequently, Leitjens et al. 5 observed that an applied electrical field 
across the perovskite layer can either enhance or suppress the luminescence in lateral 
interdigitated electrode devices. These findings were described in terms of a simple 
mechanism common to both fully inorganic and organic semiconductors 6,7 in which 
photogenerated electrons and holes drift to opposite sides of the device, reducing the 
bulk recombination rate and hence PL intensity. However, some aspects of the 
observations cannot be explained by this simple model. Furthermore it is expected that 
under an applied field a massive ion drift will strongly affect the PL characteristics. In 
fact the ion displacement has been reported to modify PL properties under different 
conditions 8,9 and a variety of reversible and irreversible PL transient responses have 
been obtained under modification of the applied bias magnitude and electrode polarity 
of laterally contacted MAPbI3 layers10-12 that still require a general explanation. 
Recently a new property was uncovered, revealing striking features of the transient 
PL in perovskite layers.13 Using a wide-field PL imaging microscope it was observed 
that the PL is progressively suppressed from the positively biased electrode. New data 
has been recorded for interdigitated electrodes with a wider channel length of ~150 µm 
and they are shown in Fig. 1a. The darkened area in the left of the image forms a sharp 
front that advances at a slow velocity of ca. 5 µm s-1. In some cases the front reaches the 
negative electrode and PL is completely removed. It can be later restored by biasing the 
perovskite film in the contrary direction or letting the system to relax in the absence of 
bias and dark conditions, although recovery occurs at a much slower rate. These 
observations where interpreted in terms of ionic redistribution caused by the applied 
field, but a quantitative understanding in terms of specific ionic species and a 
mechanistic suppression of PL could not be achieved. In the following, we will present a 
dynamic transport model, which matches well with experimental data and more 
importantly directly relates the effects to the drift of halogenide vacancies in perovskites 
allowing the direct determination of defect densities and diffusion constants.  
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Fig. 1: a) Time dependent PL images of a perovskite film under an external electric 
field (~5×104 V/m). The ‘+’ and ‘-‘ signs indicate the polarity of the electrodes. The 
excitation intensity is ~35 mW/cm2 and the exposure time per image is 200 ms. The 
channel length is ~150 µm. z(t) represents the PL quenched areas. The time dependent 
z(t) is displayed in Supporting Information (Figure S1). b) Diagram that highlights the 
two dominant types of chemical defects present in the crystalline structure of MAPbI3 
that lead to a background doping density: iodine vacancies (V+I-) and interstitials (I-). c) 
and d) Electrical current j and 1/j2, respectively, monitored as a function of the time 
during the measurement of experiment a). e) Diagram that highlights a reduction of 
doping density in the crystalline structure of MAPbI3 that leads to a dark front during the 
PL measurement in a). 
 
In the experiment presented in this work, the electrical current was measured under a 
bias voltage of 10 V while the PL was optically recorded. In Fig. 1a we observe that the 
overall initial PL intensity within the channel decreases slightly during the initial 30 
seconds. In parallel, the measured current shows a rapid decrease from 7 µA to 3.0 µA 
after 30 s. Simultaneously, after 18 s a dark front becomes evident in the left hand side 
of the channel which advances towards the right of the channel during the measurement 
time. After 85 s this dark front slows down its advance and the current starts to stabilize 
at about ~2 µA. After this time the dark front advances slowly and after 140 s the front 
covers ¼ of the channel width. We also note that at this point the PL increases in the 
bulk of the channel to values similar to those observed initially. We should remark that 
the observation of a sharp moving front has been confirmed in independent devices that 
all show this general behavior, see supporting information for a different example 
(Figure S2 and S3). However, the point at which the dark front slows its advance and 
current saturates varied for different perovskite material systems, which shows the 
overall sensitivity to defect densities. In any case there is a clear relationship between 
the velocity in the advance of the dark front and the measured current. 
A variety of effects can be invoked to explain a decrease or increase of PL, however 
the challenge is to explain the existence of a sharp front that moves at velocity v . This 
effect cannot be caused by removal of electronic carriers swept by the electrical field, 
that would produce a homogeneous decrease of PL across the film. The low velocity of 
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the sharp front indicates that we must consider the diffusion of ions. However, diffusion 
of the vacancies would cause a gradually decaying spatial distribution of PL rather than 
an advancing edge.  
In general clarifying the dominant moving species in a mixed ionic-electronic 
conductor is quite challenging. The work of Senocrate et al.14 combined several 
techniques including tracer diffusion, stoichiometric variation, conductivity, and 
polarization experiments, to conclude that MAPbI3 is predominantly p-doped by iodine 
interstitials (Fig. 1b). Therefore, electronic conductivity is mainly carried by electronic 
holes. However, the main ionic conductivity component occurs by hopping conductivity 
of iodine vacancies and not by iodine interstitials. Pointing to this direction, experiments 
with iodine vapor that increase the concentration of iodine interstitials reduce ionic 
conductivity. Similarly, experiments replacing Pb2+ by Na+ that increase the initial 
concentration of iodine interstitials do not increase the ionic conductivity. These 
observations are compatible with the presence of Frenkel defects involving displacement 
of an atom from the lattice position to an interstitial position and generation of a 
vacancy. Other works have endorsed the conclusions of these observations15,16 and the 
presence of iodine interstitials have recently been measured by X-Ray and neutron 
scattering.17 
 
 
Fig. 2. Scheme of optoelectronic effects of iodine vacancies drifting in the perovskite 
layer under the applied field caused by positive bias at the left side. Initially the intrinsic 
doping by iodine interstitials -iI  creates majority carriers of density 0p  that cause PL 
under photogeneration of electrons as in region 2. With applied voltage V  the 
conduction band cE  and valence band vE  bend an amount qV=qV1+qV2, where q  is 
elementary charge. Iodine vacancies +IV  drift in the electrical field towards the right. 
They fill the space up to a density mC  in region 1 compensating the p-doping and 
reducing majority carrier density to mCpp −= 01 . The filling with vacancies up to 
point z  advances with time at a velocity v . 
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Based on the ionic-electronic properties of MAPbI3, we formulate a new dynamic 
model that is outlined in Fig. 2. As mentioned previously under a constant applied bias 
iodine vacancies +IV  drift in the electrical field towards the right. The additional 
vacancies correspond to iodine ions that accumulate at the contact surface, in a 
characteristic accumulation region that has been observed in many cases by impedance 
spectroscopy 18. When the +IV   vacancies move to the right they compensate the 
negative charge from iodine interstitials reducing the hole density as shown in Figure 1e. 
Vacancies can fill the space up to a maximum concentration value mC , reducing hole 
density to mCpp −= 01  (assuming mCp >0 ). The reduction of doping and the 
creation of nonradiative recombination sites induces a dark region 1 of size z that 
increases with time. Meanwhile region 2 ( dxz ≤≤ ) remains largely undisturbed with 
approximately the initial hole density 0p .  
The electrical current in each region ij  (i = 1, 2) is driven by the respective electrical 
field iE  and since the mobility Cp µµ >>  the ionic current component can be 
neglected. We have 
202111 EqpjEqpj pp µµ ===  (1) 
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The ionic drift current in region 1 is 
z
VqCj CmC 1µ=
 (4) 
The ionic flux causes the increase of region 1 as follows 
dt
dzqCj mC =
 (5) 
Combining the previous expressions we obtain the equation for the variation of z  
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By integration, we get the dependence on time of the velocity of advance of the front 
0
2/1
0
21)( vtv
d
tv
−





 +=
γ
 (7) 
  6 
where the initial velocity is 
d
V
p
pv Cµ
1
0
0 =
 (8) 
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The electrical current depends on time as 
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where the initial current is 
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forms a straight line up to the point where current saturates. The slope in Equation (12) 
is given by 
2
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The final current at dz =  has the value 
d
Vqpjj pµγ 101
1
=
+
=
 (14) 
It is smaller than the initial current, since the initial amount of p-doping has 
decreased by the spread of vacancies.  
Let us consider alternative scenarios for the modification of defect distribution in the 
biased film. Instead of a p-doped system assumed above let us consider a system that is 
n-doped with intrinsic density 0n  and undergoes the same experiment. The model is 
very similar to Fig. 2 but in this case the moving iodine vacancies will reduce the doping 
of region 1 and this zone will get the larger electrical field. The results are given by the 
same previous equations but now 
1
1
0 −=
n
pγ
 (15) 
Thus the current increases with time, in contrast to the case above, as now the overall 
doping is increased. Finally we consider the case in which the drifting vacancies change 
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the type of doping so that 01 pCn m −= . Then region 1 and 2 conduct by electrons and 
holes, respectively, and the layer operates in a diode mode by double electronic carrier 
injection from electrodes. The currents meet at z establishing a strong recombination 
zone at the edge, as in a light-emitting electrochemical cell (LEC) where the 
redistribution of ionic charges forms the recombination diode structure.19 Indeed, some 
perovskite systems show an increased photoluminescence right at the boundary between 
region 1 and 2. (Supporting information S4) This indicates that electroluminescence i.e. 
the direct recombination of holes and electrons occurs at that place and electron 
conduction occurs as well. Still, in the herein presented model it was completely 
sufficient to choose a single carrier model of Fig. 2 to describe the experiments. 
As it is observed in Fig. 1c that the electrical current decreases with time, we are in 
the situation of majority hole carriers, where bias-induced excess +IV  in region 1 reduce 
the carrier density. Plotting the current as )(2 tj−  in Fig. 1d an excellent accord is 
obtained with the model, as the figure displays a straight line in the first half of the 
length d = 150 µm. We obtain the results A 50 µ=j , a = 6.0×10-3 µA-2 s-1, v0 = 5 µm s-
1, γ = 2.3. By Equation (9) it follows that 
001 3.01
1 ppp =
+
=
γ  (16) 
This result indicates a minor decrease of doping density so that the major effect 
producing the obscure region must be the creation of nonradiative recombination sites. 
Using Equation (8) we obtain the mobility of iodine vacancies µC = 2.25 x 10-7 cm²V-1s-1  
that corresponds to a diffusion coefficient -129 scm106 −×=
IV
D  in good agreement with 
the value -129 scm102 −×  of Senocrate et al. 14. Beyond 100 sec we observe a deviation 
from the modelled curve and the measured slows down to decrease. Region 2 cannot be 
assumed to remain undisturbed with p0 at this point. 
The presence of several types of defects have been theoretically predicted in MAPbI3, 
those include methyl ammonium interstitials, Pb vacancies and Pb interstitials 16. 
However, in the current work we describe a simple model that takes into account only 
iodine interstitials and iodine vacancies. This model is able to explain the suppression of 
luminescence and the existence of a sharp front. The insight allows us to consider in 
detail the complex dynamics of transport of the defects and how they affect 
semiconductor properties in the perovskite layer.14 It is important to highlight that iodine 
interstitials have been measured to be in very high concentration at room temperature.17 
The mechanism of generation of these interstitial defects in not clear, however, 
generation of Frenkel defects by the displacement of an atom from the lattice position is 
a possibility with very low activation energies of 0.06 eV.20 In this situation, an 
interstitial iodine and a iodine vacancy is generated and these two species are the only 
two species required in our model. Once generated the iodine vacancy, activation 
energies for iodine transport from interstitial have been calculated to be below  0.1 eV 
by DFT.21 
In conclusion, an electrical bias in a perovskite layer can switch on and off the 
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photoluminescence in a time scale of seconds. We explain the advance of the dark area 
with a sharp front in terms of the drift of iodine vacancies that fill the space up to a 
critical density turning the material more intrinsic-like and enhancing nonradiative 
recombination. An interplay between interstitial and vacancy defects determines the 
dominant electronic density and subsequently allows a control of electro-optical 
properties.  
The model fits perfectly with the experimental data describing the initial dynamics of 
the drift of vacancies in an electric field and directly allows to determine the mobility of 
iodine vacancies. This method provides a direct and visual way to track the migration of 
vacancies and obtain a value for the defect density. It is applicable to a broad range of 
organometal halide perovskite systems which will greatly help to understand how to 
compensate defect and migration processes in order to eliminate hysteresis effects and 
device degradation.  
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Experimental Section. 
Device Fabrication. CH3NH3PbI3 precursor solution was prepared by dissolving 
0.88 M lead chloride (PbCl2) (Sigma-Aldrich) and 2.64 M CH3NH3I (MAI) (Tokyo 
Chemical Industry company) in anhydrous N,N-dimethylformamide (DMF) (99.8%, 
Sigma-Aldrich). The precursor solutions were filtered through a 0.2 μm 
polytetrafluoroethylene (PTFE) filter (Carl Roth GmbH+Co. KG). Glass substrates were 
washed with acetone, and isopropanol for 10 min each. Then these glass substrates were 
treated with Ozone for around 10 min. In a nitrogen gas filled glovebox, this precursor 
solution was spin-coated on the glass substrates at 3000 rpm for 60 s. Following that, the 
as-spun films were annealed at 100 °C for 80 min in the glovebox. The perovskite film 
on glasses were transferred into an evaporation chamber with pressure of ~3×10-6 mbar, 
and ~70 nm thickness of Au was deposited by thermal evaporation through a shadow 
mask. This interdigitating shadow mask defined the electrode geometry: the electrode 
distance was 200 µm and a ratio between channel width W and length L, W/L of 500. 
External conducting wires were connected to the device using an Ultrasonic Soldering 
System (USS-9200, MBR electronics GmbH). In the end, to protect the film from 
oxygen and water,  40 mg/mL poly(methyl methacrylate) (PMMA) solution dissolved in 
butyl acetate (anhydrous, 99%, Sigma-Aldrich) was  spin-coated on the film at a speed 
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of 2000 rpm for 60 sec in the glovebox. 
PL Imaging Microscopy. This measurement was conducted on a home-build PL 
microscope, as shown in Figure S5. Based on a commercial microscopy (Microscope 
Axio Imager.A2m, Zeiss), the sample was allocated in the focal plane of an objective 
lens (10×/0.25 HD, Zeiss), and the sample position was adjusted by a motorized 
scanning stage (EK 75*50, Märzhäuser Wetzlar GmbH & Co. KG). The sample was 
illuminated by an internal LED illuminator using a filter (HC 440 SP, AHF 
analysentechnik AG) with the excited wavelength of around 440 nm. The excitation 
light intensity can be controlled and was set to ~35 mW/cm2. The PL signal was filtered 
(HC-BS 484, AHF analysentechnik AG) to suppress residual excited light and directed 
onto a CCD camera (Pco. Pixelfly, PCO AG) with the exposure time of 200 ms. A 
constant voltage of 10 V was applied between the Au electrodes (236 Source Measure 
Unit, Keithley Company), and the current was monitored and recorded by a LabVIEW 
program. 
 
Supporting Information 
Time dependent growth of the dark region; experimental behavior of different 
samples; spatial profile of PL intensity within the channel; diagram for a PL imaging 
microscopy. 
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Supporting Information 
 
 
Figure S1. a) PL image of a perovskite film under an external electric field (~5×104 
V/m). z(t) represents the PL quenched area. b) The time dependent z(t) is shown. This 
time dependent curve is consistent with the measured time dependent current. 
 
 
Figure S2. Time dependent PL images of a perovskite film under an external 
electrical field (~1.3×105 V/m). The ‘+’ and ‘-‘ signs indicate the polarity of the 
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electrodes. The excitation intensity is ~35 mW/cm2 and the exposure time per image is 
200 ms. The channel length is ~150 µm. With a larger electric field, the PL inactive area 
expands more compared with the samples with smaller field in Fig 1a. 
 
 
 
 
 
 
Figure S3. Time dependent PL images of a 2D multiple quantum wells perovskite 
film (NFPI7) (1) under an external electrical field (~3×105 V/m). The ‘+’ and ‘-‘ signs 
indicate the polarity of the electrodes. The excitation intensity is ~35 mW/cm2 and the 
exposure time per image is 200 ms. The scale bar is 100 µm.  
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Figure S4: Integrated and normalized PL intensity showing the PL profile within the 
channel. The quenched PL area is moving from left to right. The PL intensity increases 
through electroluminescence right at the border between region 1 and region 2. 
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Figure S5. a) Schematic diagram for a PL imaging microscopy. b) Excited light beam 
(wavelength ~440 nm) image captured by a CCD camera. The scale bar is 1 mm. c) 
Intensity distribution of the excited beam in the focus plane. Based on this intensity 
profile, we can consider that at the central of the beam, it is a uniformly distributed light 
intensity, ~35 mW/cm2. 
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